Abstract The inhibitors of monoamine oxidase B (MAO B) are effectively used as therapeutic drugs for neuropsychiatric and neurodegenerative diseases. However, their mechanism of action is not clear, since the neuroprotective effect of MAO B inhibitors is associated with the blockage of glyceraldehyde-3-phosphate dehydrogenase (GAPDH)-death cascade, rather than the inhibition of MAO B. Here, we provide evidence that GAPDH potentiates the ethanol-induced activity of MAO B and brain cell toxicity. The levels of nuclear GAPDH and MAO B activity are significantly increased in brain-derived cell lines upon 75 mM ethanol-induced cell death. Over-expression of GAPDH in cells enhances ethanol-induced cell death, and also increases the ethanol-induced activation of MAO B. In contrast, the MAO B inhibitors rasagiline and selegiline (0.25 nM) and the rasagiline metabolite, 1-R-aminoindan (1 lM) decreases the ethanol-induced MAO B, prevents nuclear translocation of GAPDH and reduces cell death. In addition, GAPDH interacts with transforming growth factor-beta-inducible early gene (TIEG2), a transcriptional activator for MAO B, and this interaction is increased in the nucleus by ethanol but reduced by MAO B inhibitors and 1-R-aminoindan. Furthermore, silencing TIEG2 using RNAi significantly reduces GAPDH-induced MAO B upregulation and neurotoxicity. In summary, ethanol-induced cell death, attenuated by MAO B inhibitors, may result from disrupting the movement of GAPDH with the transcriptional activator into the nucleus and secondly inhibit MAO B gene expression. Thus, the neuroprotective effects of rasagiline or 1-R-aminoindan on ethanol-induced cell death mediated by a novel GAPDH-MAO B pathway may provide a new insight in the treatment of neurobiological diseases including alcohol-use disorders.
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Introduction
The anti-Parkinson drugs, deprenyl (selegiline) and Azilect (rasagiline), are also effectively used for the treatment of several neuropsychiatric and neurodegenerative diseases, including Parkinson's disease (Fernandez and Chen 2007) and senile dementia (Tariot et al. 1987; Youdim 2006) . The mechanism for these benefits is thought to depend on MAO B inhibition. However, a large body of research has now shown that selegiline and rasagiline can also increase neuronal survival independently of MAO B inhibition, because MAO B inhibitors, such as selegiline and rasagiline, were shown to protect neuronal cells from apoptosis at a low concentration (Tatton et al. 1994; Hara et al. 2006) which would not inhibit MAO B activity. In addition, the optical isomer of rasagiline, TVP102 which is devoid of MAO inhibitory activity, has similar neuroprotective property . MAO B inhibitors, selegiline and rasagiline, have been further reported to interfere with apoptosis signaling pathways mediated by glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (Tatton et al. 2003) .
GAPDH is an important enzyme in the glycolysis and gluconeogenesis pathways. Recently, it has been shown that GAPDH is not only a traditional metabolic enzyme involved in energy production, but also plays multiple roles in numerous intracellular activities including the initiation of cell death by translocating into the nucleus as a transcription factor (Hara et al. 2005) . However, whether GAPDH is involved in alcohol-induced brain cell death has not been documented.
MAO B is an enzyme that degrades a number of biogenic amines (such as phenylethylamine tyramine, tryptamine, and dopamine) and generates inert hydrogen peroxide (H 2 O 2 ) which can interact with iron initiating Fentons reaction to produce reactive hydroxyl radicals that cause toxicity to cells and neurons (Gerlach et al. 2006) . Therefore aberrant increase in MAO B activity in the elderly has been implicated in neurodegenerative diseases. The 5 0 -flanking sequence (the promoter) of the MAO B gene contains a maximal activity region which is located between -246 to -99 bp (a core promoter region) (Shih et al. 1999; Wong et al. 2001 ). This core promoter region consists of two clusters of overlapping Sp1-binding sites. The members of the Sp1 family, such as transforming growth factor-beta-inducible early gene 2 (TIEG2), can bind to Sp1-binding sites in this region and activate MAO B promoter activity Ou et al. 2004) .
This study sought to determine whether GAPDH has a relation with MAO B using brain cell lines and also investigates whether MAO B inhibitors have neuroprotective activity in ethanol-induced brain cell death. The selective irreversible MAO B inhibitor drug, rasagiline, has recently been approved by the US Food and Drug Administration as an anti-Parkinson drug (Checkoway et al. 2002) . Unlike selegiline, rasagiline is not metabolized to potentially toxic methamphetamine metabolites but rather to its major metabolite, 1-R-aminoindan which is not an MAO B inhibitor and has been shown to possess neuroprotective properties both in vivo (Speiser et al. 1998) and in vitro (Bar-Am et al. 2007 ); however, the neuroprotective mechanism of 1-R-aminoindan is unknown. Therefore, 1-R-aminoindan (1 lM) was studied as a neuroprotective agent and compared to selegiline (0.25 nM) and rasagiline (0.25 nM) in this study.
Materials and Methods

Cell Lines and Reagents
The human brain cell lines, glioblastoma U-118 MG and neuroblastoma SH-SY5Y, were purchased from The American Type Culture Collection (ATCC). The antibodies used in this study: mouse monoclonal antibodies for GAPDH (Santa Cruz; sc-32233) and TIEG2 (BD Transduction Laboratory; 611402); rabbit polyclonal antibody for GAPDH (for immunoprecipitation assay, Santa Cruz; sc-25778) and goat polyclonal antibodies for MAO B (Santa Cruz; sc-18401). Rasagiline was synthesized by a PhD student, Hailin Zheng, in the laboratory of Dr. Youdim's (Haifa, Israel). 1-R-aminoindan and selegiline (deprenyl) were purchased from Sigma-Aldrich, USA. 2 0 ,7 0 -Dichlorofluorescin-diacetate (for measurement of the generation of H 2 O 2 ) was purchased from Sigma (D6883). A TIEG2 small interfering RNA (siRNA, sc-38546) and the transfection kit were purchased from Santa Cruz and Ambion (Austin, TX, USA), respectively.
Treating Cells with Ethanol and 1-R-aminoindan
An aliquot of 75 mM of ethanol or 1 lM of 1-R-aminoindan (stock solution is 1 mM in autoclaved water) or both ethanol and 1-R-aminoindan were added into a medium of each well or dish directly. If needed, 0.25 nM of either rasagiline or selegiline (stock solution is 500 nM in autoclaved water for each) was used as indicated in the text.
Since ethanol is volatile, a closed chamber system is utilized to stabilize the ethanol concentration in the culture Neurotox Res (2009) 16:148-159 149 medium (Adickes et al. 1988; Pantazis et al. 1992; Miller 1996, 1997) . With this system, ethanol concentrations are maintained at steady ethanol levels in medium. In brief, cell culture dishes or multi-well trays containing U-118 MG or SH-SY5Y cells were placed on a rack inside a plastic container that could be tightly sealed. A separate sealed container was used for controls. The bottom of each container served as a reservoir filled with 200 ml of an aqueous solution with 75 mM of ethanol. The alcohol in the bath evaporates into the air inside the sealed container establishing a stable vapor pressure so that there is no net loss of ethanol from the culture medium. The culture medium with ethanol was changed every 24 h. For the nonethanol control, a bath consisting of water alone was used.
Noting that ethanol at 50-100 mM reflects blood ethanol levels in chronic alcoholics (Henriksen et al. 1997; Yao et al. 2001) , the ethanol concentrations used in this study (75 mM) are within the levels that result in physiological effects observed in alcoholics.
Cell Culture and Stable Cell Line Selection
The human glioblastoma and neuroblastoma cells were grown in Dulbecco's modified Eagle's medium supplemented with 100 units/ml penicillin, 10 mg/ml streptomycin, and 10% FBS. The SH-SY5Y cells contain only attached cells which are the high passage of SH-SY5Y (Ou et al. 1998 (Ou et al. , 2004 . In generating the GAPDH-stable cell line, U-118 MG and SH-SY5Y cells were plated at a density of 5 9 10 6 cells in a 10-cm dish. Twenty-four hours later, the GAPDH-expression vector or pcDNA3.1 was transfected into cells with a superfect transfection reagent (Qiagen, Inc.). After 24 h, cells were re-plated onto 5-cm dishes, and Genectin (G418; 600 lg/ml) was added. Resistant clones were isolated into separate dishes after 6 days and cultured under continuous G418 selection (Ou et al. 2006b ). Three independent GAPDH-stable cell lines were generated and used in each experiment. The over-expressed GAPDH protein was verified by Western blot analysis.
Quantitative Real-Time Reverse Transcription-Polymerase Chain reaction
In a 10-cm dish, 10 5 cells were grown for 24 h, and then ethanol (75 mM) or 1-R-aminoindan was added into medium of each dish daily for 2 days. Following incubation, total RNA was isolated from each group by using RNA isolation reagent (Invitrogen). The mRNAs were reverse-transcribed into cDNAs. Specific primers for the human MAO B were designed as follows: sense, 5 0 -GAC CATGTGGGAGGCAGGACTTAC-3 0 , antisense, 5 0 -CGC CCACAAATTTCCTCTCCTG-3 0 . The mRNA content for each group was analyzed by real-time reverse transcription-polymerase chain reaction (RT-PCR) using a Bio-Rad iCycler system. The RT-PCR was performed with a SYBR supermix kit (Bio-Rad), and 18S Ribosomal RNA primer was used as internal control in each plate to avoid sample variations. The average threshold cycle (C T ) for the triplicate was used in all subsequent calculations. A DC T value was then calculated for each sample using the C T value minus the C T value obtained from the respective control sample. The DC T was converted to the fold induction required to reach the threshold amount of PCR by raising 2 to the DC T power. The relative differences between each treated group and control group were determined using the DC T method and presented as the fold control (taken as 1) (Ou et al. 2006a ).
MAO B Catalytic Activity Assay
Ten thousands cells were plated in a 10-cm dish. After being treated with 75 mM of ethanol or/and 1-R-aminoindan (1 lM), rasagiline (0.25 nM) or selegiline (0.25 nM) daily for 3 days, cells were harvested in PBS (pH 7.4). One hundred micrograms of total proteins were incubated with 10 lM 14 C-labeled phenylethylamine (Amersham) in the assay buffer (50 mM sodium phosphate buffer, pH 7.4) at 37°C for 20 min and terminated by the addition of 100 ll 6 N HCl. The reaction products were then extracted with ethylacetate/toluene (1:1) and centrifuged at 4°C for 10 min. The organic phase containing the reaction product was extracted and its radioactivity was obtained by liquid scintillation spectroscopy (Geha et al. 2001; Ou et al. 2004 ).
Immunofluorescence
Cells were plated on a 4-well chamber slide (Nalge) on the day preceding the experiment, and treated with or without ethanol (75 mM) or with ethanol plus 1-R-aminoindan (1 lM) daily for 2 days. Then the cells were fixed in 4% paraformaldehyde in PBS for 20 min and immunostained by mouse anit-GAPDH antibody (1/1000) at 4°C overnight and visualized with Cy3-conjugated anti-mouse (red) secondary antibody. Stained slides were mounted by Vectashield (Vector Laboratories) in the presence of 4,6-diamino-2-phenylindole (DAPI, for nuclear staining) and examined under a fluorescence microscope (Ou et al. 2006a ).
Nuclear Protein Extraction
In a 10-cm dish, 10 5 cells were grown for 24 h, and then ethanol (75 mM) and 1-R-aminoindan were added directly into the medium of each dish daily for 3 days. Then cells (in one dish) were harvested by scraping. The cell pellets were washed by PBS and then re-suspended in 20 ll of buffer A [10 mM KCl, 10 mM HEPES, 1.5 mM MgCl 2 ; (0.5 mM DTT and 0.1% NP-40 were freshly added just before using)] and incubated on ice for 10 min and centrifuged at 4°C for 10 min (6000 rpm). The pellets (containing nucleus) were re-suspended in 15 ll of buffer C [20 mM HEPES (pH 7.9), 25% glycerol, 420 mM NaCl, 0.2 mM EDTA, 1.5 mM MgCl 2 (0.5 mM DTT and 0.5 mM phenylmethylsulfonyl fluoride were added freshly)] and incubated on ice for 15 min, and then centrifuged for 10 min (3000 rpm) at 4°C. The supernatant containing nuclear proteins was diluted with 75 ll of buffer D [20 mM HEPES (pH 7.9), 20% glycerol, 50 mM KCl, 0.2 mM EDTA (0.5 mM DTT and 0.5 mM phenylmethylsulfonyl fluoride were added freshly)] and stored at -80°C (if not used immediately) (Ou et al. 2004) . Protein concentrations were determined by BCA protein Assay Kit (PIERCE).
Co-Immunoprecipitation
Nuclear proteins were extracted from U-118 MG or SH-SY5Y cells (1 9 10 7 ) which were treated with or without ethanol/1-R-aminoindan, as indicated in the text, daily for 3 days. Samples were adjusted to 200 lg/ml with ice-cold PBS. The nuclear protein was immunoprecipitated by incubating with anti-TIEG2 antibody (4 ll antibody in 1 ml PBS) with BioMag beads (Anti-Mouse, QIAGEN) overnight at 4°C with rotation. As a negative control, BioMag beads without antibody were used. Beads and bound proteins were pelleted by centrifugation, and washed thrice with 1 ml PBS. Proteins were eluted from beads by boiling them in SDS sample buffer (60 mM Tris-HCl, pH 6.8, 100 mg/ml sucrose, 2% SDS, 0.05 mg/ml bromophenol blue, and 100 mM DTT) for 5 min (Ou et al. 2006b ). Proteins co-immunoprecipitated with TIEG2 were analyzed by Western blot with rabbit anti-GAPDH antibody.
Western Blot Analysis
An aliquot of 2.5 lm (for GAPDH assay) of total proteins was separated by 10.5% SDS-polyacrylamide gel electrophoresis and transferred to nitrocellulose membranes. After the transfer, membranes were blocked at room temperature for 2 h with 5% non-fat dry milk in TBS (10 mM Tris/HCl pH7.5 and 150 mM NaCl). The membranes were then incubated with anti-GAPDH antibody (1:2500) overnight at 4°C. After incubation with secondary antibody at room temperature for 2 h, the bands were visualized by horseradish peroxidase reaction using SuperSignal West Pico Chemiluminescent Substrate (PIERCE).
Measurement of Intracellular H 2 O 2 Generation
The intracellular generation of H 2 O 2 induced by ethanol was tested utilizing 2 0 ,7 0 -dichlorofluorescin-diacetate. The presence of H 2 O 2 can oxidize 2 0 ,7 0 -dichlorofluorescin-diacetate into the highly fluorescent compound 2 0 ,7 0 -dichlorofluorescin which can be measured by a fluorometer. In brief, cells were seeded into a 6-well plate. The following day, cells were treated with or without ethanol (75 mM) or ethanol/1-R-aminoindan (1 lM) daily for 3 days and then harvested by rubber policeman in 200 ll of PBS. An aliquot of 75 ll of cell suspension from each well (a 6-well plate) was transferred to a 96-well plate, and an equal volume of 2 0 ,7 0 -dichlorofluorescin-diacetate (final concentration was 10 lg/ml) was added into each well (a 96-well plate). After 5 min, the generation of H 2 O 2 was read using a fluorescence spectrophotometer (wavelength 485/ 535 nm) (Liu et al. 2003) .
MTT Assay for Proliferation Rate/Cell Viability Evaluation
Cells were grown in a 24-well plate. After the treatment of cells with or without ethanol (75 mM), 1-R-aminoindan (1 lM) alone, or both ethanol and 1-R-aminoindan daily for 3 days, the medium in excess of 0.5 ml per well was removed, and 30 ll of MTT dye (5 mg/ml, Sigma) in sterile PBS was added to 300 ll of medium in each well (final concentration is 0.5 mg/ml). Plates were incubated for 4 h, during which time the mitochondria in living cells converted the soluble yellow dye into an insoluble purple crystal. Cells and dye were then solubilized by the addition of 700 ll of DMSO per well. Optical density of each well at 570 nm was determined in a spectrophotometric analyzer (Ou et al. 2006a ).
siRNA-Mediated TIEG2 Gene Knockdown Cells that were stably expressing GAPDH (U-118 MG or SH-SY5Y) were transfected with control-siRNA or TIEG2-siRNA (Santa Cruz) using siPORT Amine Transfection agent (Ambion; Austin, TX, USA) as per manufacturer's instructions. In brief, 15 ll of siPORT Amine Transfection agent in 185 ll of Opti-MEM I medium was mixed with 2 ll siRNA in 198 ll of opti-MEM medium (for a 10-cm dish) for 10 min (final siRNA concentration: 20 nM), and then the mixed complex (the RNA/siPORT Amine transfection agent) was directly applied to cell culture medium (5 ml/dish). During ethanol-induced apoptosis, on day 1, siRNA-transfected cells were treated with 75 mM of ethanol daily for another 2 days. Then cells were subject to MAO B mRNA assay (quantitative RT-PCR), the generation of H 2 O 2 and cell viability assays (MTT).
Statistical Analysis
The statistical significance was evaluated using one-way ANOVA to test for differences between groups and followed by Bonferroni's post hoc t-test. A P-value of 0.05 was considered to be significant.
Results
Ethanol Increases MAO B mRNA and Catalytic Activity, but 1-R-aminoindan Decreases EthanolInduced MAO B Activity
The expression of MAO B was investigated in two human brain cell lines, glioblastoma U-118 MG and neuroblastoma SH-SY5Y. Cells were seeded in 10-cm dishes. After 24 h, ethanol (0 or 75 mM) for mRNA assay was added into each dish, respectively, for 48 h, or ethanol (0 or 75 mM) for catalytic activity assay was added into each dish for 72 h. MAO B mRNA levels (Fig. 1a) and catalytic activities (Fig. 1b) were determined, respectively. The results indicated that both MAO B mRNA levels (*3.5-fold) and MAO B enzymatic activity (*2.2-fold) were significantly increased with the ethanol treatment in glioblastoma U-118 MG cells (Fig. 1a, b , lane 2 vs. 1). In contrast, the rasagiline metabolite, 1-R-aminoindan (1 lM), significantly decreased the ethanol-induced MAO B mRNA level to *35% and also inhibited MAO B catalytic activity to *30% (compare lanes 3 vs. 2 in Fig. 1a, b) . A similar result was found in the human neuroblastoma SH-SY5Y cells (data not shown).
Ethanol also Increases GAPDH Nuclear Translocation, but 1-R-aminoindan Prevents It GAPDH modulates gene transcription and participation in the initiation of cell death by translocation into nucleus (Hara et al. 2005) . Whether ethanol could trigger the translocation of GAPDH from the cytosol into the nucleus was examined by immunocytochemistry in U-118 MG cells (Fig. 2A) . In the control group (without ethanol treatment), GAPDH staining (red) was found predominantly in the cytosol (Fig. 2Aa) . However, GAPDH signal was found predominantly in the nucleus upon treatment with ethanol (75 mM) for 48 h (Fig. 2Ab) . The metabolite of rasagiline, 1-R-aminoindan (1 lM), blocked this nuclear translocation that induced by ethanol (Fig. 2Ac) . These results indicate that the GAPDH-mediated ethanol-induced cell death may also require the transcriptional activity of GAPDH in nucleus. Both selegiline and rasagiline also exhibited similar results as 1-R-aminoindan (data not shown), which are consistent with the recent publications (Tatton et al. 2003; Hara et al. 2006) . A similar result was found in SH-SY5Y cells as well (data not shown).
To confirm the result by immunocytochemistry above, the expression of nuclear GAPDH was determined with Western blot analysis in both brain cell lines (Fig. 2B) . GAPDH protein expression was significantly increased by *3.5-fold in the nucleus upon ethanol treatment (75 mM ethanol for 72 h; Fig. 2Bb , lane 2 vs. 1). However, 1-Raminoindan (1 lM) was able to prevent the ethanol-induced nuclear accumulation of GAPDH to *50% as compared to Fig. 1 Effects of ethanol on MAO B mRNA level and catalytic activity. The human brain cell line, glioblastoma U-118 MG, was treated with 75 mM of ethanol for 48 h for mRNA assay or for 72 h for catalytic activity assay. a MAO B mRNA levels, b MAO B catalytic activities were determined, respectively. Controls were untreated cells (ethanol 0 mM), which were taken as 1 in (a). Data represent the mean ± SD of four independent experiments. *P \ 0.001 compared with respective controls (ethanol 0 mM) and #P \ 0.005 compared with respective ethanol-treated group (without 1-R-aminoindan) those in cells treated with ethanol alone (Fig. 2Bb, lane 3 vs. 2).
Ethanol Increases GAPDH Interacting with an MAO B Transcriptional Activator, TIEG2, but 1-R-aminoindan Reduces GAPDH/TIEG2 Interaction The Sp1 family including TIEG2 (transforming growth factor-beta-inducible early gene 2) can bind to Sp1-binding sites in the core promoter of the MAO B gene and activate MAO B promoter activity Ou et al. 2004 ). Because ethanol can increase the mRNA level of MAO B and also induce GAPDH protein movement into the nucleus, it suggests that GAPDH might regulate the expression of MAO B at the transcriptional level. Therefore, the co-immunoprecipitation (co-IP) assay were performed in both U-118 MG and SH-SY5Y cell lines to test whether GAPDH interacts with an MAO B transcription factor, such as TIEG2. Fig. 2 Effects of ethanol on the accumulation of GAPDH in the nucleus. Cells were treated by 75 mM ethanol for 48 h (for mRNA level and immunofluorescence) or 72 h (for protein level/Western blot). A Immunofluorescence microscopy was performed with anti-GAPDH antibody. U-118 MG cells were plated on a 4-well chamber slide and treated (a) without or (b) with 75 mM of ethanol or (c) with 75 mM of ethanol plus 1 lM of 1-R-aminoindan for 48 h. Then the cells were fixed and immunostained by mouse anti-GAPDH antibody and followed with fluorescein-conjugated anti-mouse secondary antibody (red). Stained slides were mounted in the presence of DAPI for nuclear staining (blue). The GAPDH (red) and nucleus (blue) and the merge of both GAPDH and the nucleus are indicated at the top.
B Western blot analysis of nuclear GAPDH protein. (a)
A representative of protein expression of GAPDH is shown. The anti-Histone H4 antibody was used as the loading control. (b) Quantitative analysis of Western blot results. A graph of the average optical density of GAPDH (normalized to the density of Histone H4) is shown. The relative intensity (relative optical density 9 pixel area) of autoradiographic bands from four independent preparations was evaluated using gel analysis software and a computer-assisted image analysis system. Data represent the mean ± SD of four independent experiments. *P \ 0.001 compared with ethanol-treated group (without 1-R-aminoindan) Neurotox Res (2009) 16:148-159 153 TIEG2, also called KLF11 (Fernandez-Zapico et al. 2003) , has been reported to increase MAO B gene expression (Ou et al. 2004 ) and inhibit cell proliferation . Therefore, the interaction between GAPDH with TIEG2 was analyzed by Co-IP assay.
Nuclear proteins were extracted from cells treated without ethanol (Fig. 3a, lane 1) , with 75 mM of ethanol (Fig. 3a, lane 2) or with both ethanol and 1 lM of 1-Raminoindan (Fig. 3a, lane 3) for 72 h. Then the nuclear proteins were immunoprecipitated by incubation with anti-TIEG2 antibody. The immunoprecipitated proteins were visualized by Western blot using anti-GAPDH antibody (Fig. 3a) , and the quantitative analysis of protein band intensity/statistical evaluations were shown in Fig. 3b . The results showed that GAPDH interacted with TIEG2 (Fig. 3b) and the intensity of GAPDH protein band was increased after treatment with ethanol, as compared with the untreated cells (Fig. 3b, lane 2 vs. 1) . Further, the intensity of the GAPDH protein band was reduced after treatment with both ethanol and 1-R-aminoindan, as compared with the cells which were treated with ethanol alone (Fig. 3b, lane 3 vs. 2) . Nuclear extracts without anti-TIEG2 antibody and nuclear extracts with an irrelevant anti-bactin antibody (in the immunoprecipitation assay) did not show any bands and were used as negative controls (data not shown).
Rasagiline (0.25 nM) and selegiline (0.25 nM) had the same effect on GAPDH binding to TIEG2 (data not shown) as did 1-R-aminoindan. This result suggests that GAPDH may interact with TIEG2 to enhance MAO B expression at the transcriptional level.
Over-Expressed GAPDH Increases, Whereas 1-R-aminoindan or an MAO B Inhibitor (Rasagiline or Selegiline) Decreases Ethanol-Induced MAO B Expression, the Production of H 2 O 2 and Cell Death
As shown above, the interaction between GAPDH and the transcription factor of MAO B could be disrupted by 1-R-aminoindan (1 lM). Therefore, these drugs may reduce the MAO B mRNA level and catalytic activity; however, GAPDH may increase the MAO B mRNA level and catalytic activity upon ethanol treatment. In order to test this hypothesis, GAPDH or pcDNA3.1 stably transfected cells (U-118 MG) were cultured in medium without or with ethanol (75 mM) or with both ethanol/1-R-aminoindan for 2 days, and the levels of MAO B mRNA were determined by quantitative RT-PCR (Fig. 4a) . The results show that the mRNA expression of MAO B was significantly increased in the GAPDH-stably expressed cell line upon ethanol treatment compared to the control group with pcDNA3.1-stably expressed cell line (Fig. 4a , lane 7 vs. 5). However, 1-R-aminoindan (1 lM) significantly decreased the MAO B expression induced by ethanol (Fig. 4a , lane 6 vs. 5) or induced by both ethanol and overexpressed GAPDH (Fig. 4a, lane 8 vs. 7) . MAO B inhibitors, rasagiline (0.25 nM) and selegiline (0.25 nM), displayed a similar effect on the inhibition of MAO B; however, a greater inhibitory effect was achieved by rasagiline and selegiline (Table 1) .
A similar result was found when MAO B catalytic activity was determined (Fig. 4b) . The GAPDH-stably expressed cell line exhibited a significant increase in MAO B catalytic activity upon ethanol treatment (for 3 days) compared to the control group (pcDNA3.1-stably expressed cell line; Fig. 4b , lane 7 vs. 5). However, 1-R-aminoindan (1 lM), significantly decreased the MAO B catalytic activity-induced by ethanol (Fig. 4b , lane 6 vs. 5) or Fig. 3 The effect of 1-R-aminoindan on 75 mM ethanol-induced nuclear accumulation of GAPDH/transcriptional activator complex. The interaction of GAPDH with TIEG2 (an MAO B transcriptional activator) in nucleus was determined by Co-IP assay. a Nuclear proteins isolated from U-118 MG or SH-SY5Y cells which were treated without ethanol (lane 1) or with ethanol (lane 2) or with both ethanol and 1-R-aminoindan (lane 3) for 72 h were immunoprecipitated by incubating with anti-TIEG2 antibody. Protein Co-IP with TIEG2 was analyzed by Western blot with anti-GAPDH antibody (lanes 1-3) . b Quantitative analysis. The relative intensity of TIEG2-bound GAPDH band was quantified by Kodak Imaging Analysis System. The GAPDH levels were increased by ethanol but reduced by 1-R-aminoindan. Data represent the mean ±SD of four independent experiments. *P \ 0.001 compared with respective ethanol-treated group (without 1-R-aminoindan) induced by both ethanol and over-expressed GAPDH (Fig. 4b, lane 8 vs. 7) .
To test whether the increase in toxic reactive oxygen (H 2 O 2 ) produced by MAO B enzymatic activity or ethanol neurotoxicity could be enhanced by over-expressed GAP-DH, but reduced by 1-R-aminoindan, GAPDH or pcDNA3.1-stably transfected cells were treated without or with ethanol (75 mM) or with both ethanol/1-R-aminoindan (1 lM) for 3 days. Then the intracellular levels of H 2 O 2 were determined. As shown in Fig. 4c , GAPDHstably expressed cell line resulted in a significant increase in the H 2 O 2 generation (Fig. 4c, lane 7 vs. 5), but 1-Raminoindan was able to reduce the production of H 2 O 2 significantly (Fig. 4c, lane 8 vs. 7) . Rasagiline and selegiline (0.25 nM) showed a similar effect on the reduction of H 2 O 2 generation, but rasagiline exhibited a protective effect significantly greater than either 1-R-aminoindan or selegiline (Table 1) .
Furthermore, the evaluation of cell death was performed in both glioblastoma and neuroblastoma cell lines. Cell proliferation rate among those groups was determined by MTT assay (Fig. 4d) . The results show that the proliferation of the GAPDH-stably cell line was decreased significantly upon ethanol treatment (Fig. 4d, lane 7 vs. 5). Whereas, the addition of 1-R-aminoindan (1 lM) increased the proliferation rate of pcDNA3.1-or GAPDH-stably overexpressed cell line significantly upon ethanol treatment (Fig. 4d , lanes 6 vs. 5 and 8 vs. 7). MAO B inhibitors, rasagiline (0.25 nM) and selegiline (0.25 nM), were also used in the above experiments as well as 1-R-aminoindan, and their effects were summarized in Table 1 . The results indicated that rasagiline (*2.5-fold) and selegiline (*1.5-fold) had significantly higher inhibitory effects on MAO B catalytic activity than that of 1-R-aminoindan, but rasagiline exhibited significantly more protective effect than either 1-R-aminoindan or selegiline ( Table 1 ). The reason for more protective effect of rasagiline than that of 1-R-aminoindan or selegiline may be because rasagiline inhibits MAO B activity more than 1-R-aminoindan or selegiline, and hence reduces the production of the toxic hydrogen peroxide (H 2 O 2 ) more than 1-R-aminoindan or selegiline does. Similar results were found in the human neuroblastoma SH-SY5Y cells (data not shown).
siRNA-Mediated TIEG2 Knockdown Decreased Ethanol-Induced MAO B mRNA Level, the Production of H 2 O 2 , and Cell Death
In contrast to over-expression of GAPDH, a TIEG2-knockdown cell line (generated in a GAPDH-stably expressed U-118 MG, or SH-SY5Y cell line; mediated by TIEG2-siRNA technique; Fig. 5a ) was used to provide the direct evidence that TIEG2 plays the important role in ethanol-induced apoptosis. The cells were harvested and lysed after siRNA treatment for 3 days. Equal amounts of total protein from each supernatant solution were resolved by SDS/PAGE; resolved TIEG2 was then quantified by Western blot analysis. The TIEG2 protein expression in TIEG2-siRNA-transfected cells was decreased to *15% compared to those in cells transfected with control-siRNA (normal control cells; Fig. 5a, lanes 2 vs. 1 and 4 vs. 3 ). After treatment with 75 mM ethanol for 2 days, the TIEG2-knockdown cells displayed a significant decrease in levels of MAO B mRNA, as compared to control siRNAtransfected cells (P \ 0.02; Fig. 5b, lane 4 vs. 3 ). In addition, the production of H 2 O 2 (P \ 0.02; Fig. 5c ) and cell death (P \ 0.02; Fig. 5d ) was significantly reduced upon treatment with ethanol in TIEG2-knockdown cells compared to control cells. Similar results were found in SH-SY5Y cells (data not shown). These results suggested that TIEG2 plays the important role in GAPDH-mediated ethanol neurotoxicity.
Based on our data, we summarize that upon ethanol treatment, the levels of nuclear GAPDH and MAO B activity are increased. GAPDH forms a complex with transcription factor TIEG2 (the transcriptional activator for MAO B), and increases the expression of MAO B indirectly. The MAO B inhibitors and 1-R-aminoindan block the movement of the GAPDH and TIEG2 complex into the nucleus, and therefore decrease the MAO B gene expression. Thus the MAO B inhibitors and 1-R-aminoindan could disrupt GAPDH/MAO B-mediated cell stress/ apoptotic signaling pathway induced by ethanol. The schematic representation of the proposed model for ethanol-induced brain cell death mediated by GAPDH/MAO B and its inhibition by rasagiline and 1-R-aminoindan is shown in Fig. 6 .
Discussion
GAPDH exhibits multiple roles in numerous intracellular activities and is associated with several neurodegenerative diseases, such as Alzheimer's (Li et al. 2004) and Huntington's diseases (Senatorov et al. 2003; Chuang et al. 2005; Bae et al. 2006 ). Recently, GAPDH protein level has reportedly increased significantly in the brains of human subjects with alcoholism (Alexander-Kaufman et al. 2006) . Our current study has first shown that nuclear GAPDH was increased upon ethanol treatment in brain-derived cell lines. Additionally, our study firstly demonstrates the link between GAPDH and MAO B, which suggests that the GAPDH-MAO B-mediated cell stress/cell death pathway may underlie the molecular pathogenesis of ethanol neurotoxicity.
The aberrant increase in MAO B activity has been implicated in alcoholism (Carlsson et al. 1980 ). Similar to GAPDH, the MAO B expression is increased by ethanol in brain cell lines. Previously, ethanol has been found to increase MAO B promoter activity and altered the transcription factors binding to the MAO B promoter in SH-SY5Y cells (Ekblom et al. 1996) , suggesting that ethanol may directly enhance the MAO B expression by induction of transcription factor(s). Recently, we found that ethanol significantly increased TIEG2 expression in SH-SY5Y cells (Lu et al. 2008) . Here, we further report that GAPDH interacted with TIEG2, and this interaction was increased in the nucleus upon ethanol treatment, suggesting that TIEG2 may be a direct activator for MAO B induced by ethanol. In turn, the abnormal increase in MAO B could produce more reactive oxygen (H 2 O 2 ), which may activate apoptosis and cause cell death.
Another transforming growth factor inducible gene, TIEG1, was also involved in apoptosis (Wang et al. 2006) and cell proliferation inhibition (Cook and Urrutia 2000) . Although ethanol also induces TIEG1 mRNA expression (Fang et al. 1998 ), TIEG1 does not increase the MAO B promoter activity as determined by transient transfection and luciferase assay (data not shown). Therefore, TIEG1 is probably through another signaling pathway to mediate ethanol-induced cell death, which needs to be investigated in the future.
The MAO B inhibitors, deprenyl (selegiline) and Azilect (rasagiline), have been used in the therapy of neurodegenerative diseases (such as Parkinson's Disease) (Paterson et al. 1997; Tatton et al. 2000; Maruyama et al. 2001; Fernandez and Chen 2007) , mental disorders, such as depression (Goodnick 2007; Robinson and Amsterdam 2008) , and senile dementia (Tariot et al. 1987; Youdim et al. 2005; Youdim 2006 ). Neuroprotection by MAO B inhibitors (at a low concentration) has been suggested to be independent of MAO B (Ansari et al. 1993; Carlile et al. 2000) , and through the blockage of a GAPDH-mediated cell death signaling pathway. In our studies, we also used a low concentration of rasagiline and selegiline (0.25 nM). Upon 3 days' treatment, this subnanomolar concentration can inhibit the ethanol-induced MAO B catalytic activity significantly (Table 1) . Therefore, our findings provide a new insight of the anti-apoptotic effect of MAO B inhibitors. In addition to the MAO B-independent mechanism such as GAPDH-Siah1-mediated cell death cascade (Hara et al. 2005) , the neuroprotective effect of rasagiline and selegiline on ethanol induced, MAO B-involved apoptosis may also depend on the inhibition of MAO B.
In regards to the metabolites of MAO B inhibitors, selegiline is metabolized to potentially toxic amphetaminic metabolites, whereas, rasagiline is mainly metabolized to 1-R-aminoindan (Blandini 2005) , which exhibited neuroprotective properties in vitro (Bar-Am et al. 2007) , although 1-R-aminoindan is not an MAO B inhibitor. Whether 1-Raminoindan also inhibits nuclear translocation of GAPDH Fig. 6 Proposed mechanism for ethanol-induced brain cell death-mediated by GAPDH and MAO B, and the inhibition by 1-R-aminoindan or rasagiline. Arrows and dashed lines indicate activation and repression of the following targets, respectively was yet unclear. In this study, using 1-R-aminoindan effectively prevented the nuclear translocation of GAPDH and decreased ethanol-induced cell death. It suggests that the neuroprotective effect of 1-R-aminoindan, produced by the oral administration of rasagiline, was through the blockage of a GAPDH-mediated cell death signaling pathway as was rasagiline (Maruyama et al. 2001 ) and secondly via the inhibition of MAO B activity (Fig. 4a, b) . Indeed, recent in vivo studies further support that 1-R-aminoindan (Youdim et al. unpublished data) as well as rasagiline (Blandini et al. 2004 ) displayed neuroprotective activity in a 6-hydrodopamine model of Parkinson's disease, suggesting that 1-R-aminoindan may contribute to the overall neuroprotective and anti-apoptotic activity of rasagiline.
In summary, ethanol-induced cell death, attenuated by MAO B inhibitors and 1-R-aminoindan, may result from disrupting the movement of GAPDH with the transcriptional activator into the nucleus and secondly inhibit MAO B gene expression. Therefore, GAPDH may be a novel player between MAO B and its inhibitors. Hence, an inhibitor directly targeting both GAPDH and MAO B may be therapeutically useful in combating the harmful effects of neurobiological diseases including alcohol-use disorders.
